The hadron-resonance gas (HRG) model with the mass-proportional eigenvolume (EV) corrections is employed to fit the hadron yield data of the NA49 collaboration for central Pb+Pb collisions at √ s NN = 6.3, 7.6, 8.8, 12.3, and 17.3 GeV, the hadron midrapidity yield data of the STAR collaboration for Au+Au collisions at √ sNN = 200 GeV, and the hadron midrapidity yield data of the ALICE collaboration for Pb+Pb collisions at √ sNN = 2760 GeV. At given bombarding energy, for a given set of radii, the EV HRG model fits do not just yield a single T − µB pair, but a whole range of T − µB pairs, each with similarly good fit quality. These pairs form a valley in the T − µB plane along a line of nearly constant entropy per baryon, S/A, which increases nearly linearly with bombarding energy E lab . The entropy per baryon values extracted from the data at the different energies are a robust observable: it is almost independent of the details of the modeling of the eigenvolume interactions and of the specific T − µB values obtained. These results show that the extraction of the chemical freeze-out temperature and chemical potential is extremely sensitive to the modeling of the short-range repulsion between the hadrons. This implies that the ideal pointparticle HRG values are not unique. The wide range of the extracted T and µB values suggested by the eigenvolume HRG fits, as well as the approximately constant S/A at freeze-out, are consistent with a non-equilibrium scenario of continuous freeze-out, where hadrons can be chemically frozen-out throughout the extended space-time regions during the evolution of the system. Even when the EV HRG fits are restricted to modest temperatures suggested by lattice QCD, the strong systematic effects of EV interactions are observed.
I. INTRODUCTION
The extraction of the thermodynamic properties of QCD is one of the major goals of relativistic heavy-ion collision experiments. The phenomenological thermodynamic models are useful in this regard and have long been employed to estimate the temperatures reached in the relativistic heavy-ion collisions [1] [2] [3] [4] . The thermal parameters at chemical freeze-out -the stage of heavy-ion collision when inelastic reactions between hadrons cease -have been extracted by fitting the rich data on hadron yields in various experiments, ranging from the low energies at SchwerIonen-Synchrotron (SIS) to the highest energy of the Large Hadron Collider (LHC), within the hadron resonance gas (HRG) model [5] [6] [7] [8] [9] [10] [11] . It has been argued [12] , that the inclusion of all known resonances into the model as free non-interacting (point-like) particles allows to effectively model the attraction between hadrons. Such formulation, a multi-component point-particle gas of all known hadrons and resonances, is presently the most commonly used one in the thermal model analysis.
HRG models which take into account the repulsive interactions between hadrons are also available. The HRG model with repulsive interactions have been compared with the lattice QCD data [13] [14] [15] , and it has recently been shown in Ref. [16] that the inclusion of the repulsive interactions into the HRG model in the form of a multi-component eigenvolume procedure can significantly change the values of chemical freeze-out temperature at µ B = 0 while improving the agreement of the fit with the ALICE hadron yield data as compared to the point-particle HRG. The analysis reveals a surprisingly strong sensitivity of the thermal fits at LHC to the modeling of eigenvolume interactions, leading to a large systematic uncertainty in the determination of chemical freeze-out temperature. In the present work we perform a similar analysis at the finite (baryo)chemical potential by considering the data on hadron yields in Pb+Pb and Au+Au collisions of NA49 and STAR collaborations. In order to study the sensitivity of the obtained results we use two different formulations of the multi-component eigenvolume HRG.
II. EIGENVOLUME MODELS
The repulsive interactions between hadrons can be modeled by the eigenvolume correction of the van der Waals type, whereby the volume available for hadrons to move in is reduced by their eigenvolumes. Such a correction was included into the hadronic equation of state first in Refs. [17] [18] [19] , while the thermodynamically consistent procedure for a singlecomponent gas was formulated in Ref. [20] . In the present work we consider hadrons of different sizes, thus, a multi-component formulation of the eigenvolume HRG model is necessary. In our study we use two different formulations. Since both of these formulations are rigorously derived only for the case of Boltzmann statistics we will neglect the effects of quantum statistics in the present work.
A. "Diagonal" eigenvolume model
The single-component eigenvolume model of Ref. [20] was generalized to the multi-component case in Ref. [21] . It was assumed that the available volume of each of the hadron species is the same, and equals to the total volume minus the sum of the eigenvolumes of all hadrons in the system. Let us assume that we have f different hadron species. The pressure as function of the temperature and hadron densities has the following form P (T, n 1 , . . . , n f ) = T
where the sum goes over all hadrons and resonances included in the model, and where v i is the eigenvolume parameter of hadron species i. The eigenvolume parameter v i can be identified with the 2nd virial coefficient of the single-component gas of hard spheres and is connected to the effective hard-core hadron radius as v i = 4 · 4πr 3 i /3. In the grand canonical ensemble (GCE) one has to solve the non-linear equation for the pressure, which reads as
where
is the pressure of the ideal (pointlike) gas at the corresponding temperature and chemical potential, and µ * i = µ i − v i P (T, µ) is the shifted chemical potential due to the eigenvolume interactions. The v i is the eigenvolume parameter of the hadron species i, and the number density of these species can be calculated as
The multi-component eigenvolume HRG model given by Eqs. (1)- (3) is the most commonly used one in the thermal model analysis. Since this model does not describe properly the cross-terms in the virial expansion of the multi-component gas of hard spheres (see details below) we will refer to it in this work as the "Diagonal" model.
B. "Crossterms" eigenvolume model
The virial expansion of the classical (Boltzmann) multi-component gas of hard spheres up to 2nd order can be written as [22] 
are the components of the symmetric matrix of the 2nd virial coefficients. Comparing Eqs.
(1) and (4) one can see that the "Diagonal" model is not consistent with the virial expansion of the multi-component gas of hard spheres up to 2nd order and corresponds to a different matrix of 2nd virial coefficients, namely b ij = v i . While we do not require hadrons to be non-deformable spherical objects and expect that the "Diagonal" model to capture the essential features of a system of particles with different sizes, the interpretation of r i as a hard-core hadron radius can be problematic in such model. Therefore, we additionally consider the multicomponent eigenvolume model of Ref. [23] , which is formulated in the grand canonical ensemble (GCE) assuming Boltzmann statistics, and which is consistent with the 2nd order virial expansion in Eq. (4). The pressure in this model reads as
with b ij given by (5) , and where the quantities P i can be regarded as "partial" pressures. This eigenvolume model given by (6) is initially formulated in the canonical ensemble. In Ref. [23] it was transformed to the grand canonical ensemble. In the GCE formulation one has to solve the following system of non-linear equations for P i
where f is the total number of the hadronic components in the model. Hadronic densities n i can then be recovered by solving the system of linear equations connecting n i and P i :
We refer to the model given by Eqs. (6)- (9) as the "Crossterms" eigenvolume model. We note that this "Crossterms" model is very similar to the one used in Ref. [24] . From the technical point of view, the "Crossterms" model is more complicated than the "Diagonal" model: a set of coupled non-linear equations (8) needs to be solved, instead of a single equation (2) for the total pressure in the "Diagonal" model. In practice, the solution to (8) can be obtained by using an appropriate iterative procedure. In our calculations Broyden's method [25] is employed to obtain the solution of the "Crossterms" model, using the corresponding solution of the "Diagonal" model as the initial guess.
III. CALCULATION RESULTS

A. Some details about model implementation
In our calculations we include strange and nonstrange hadrons listed in the Particle Data Tables [26] , along with their decay branching ratios. This includes mesons up to f 2 (2340), (anti)baryons up to N (2600). We do not include hadrons with charm and bottom degrees of freedom which have a negligible effect on the fit results, and we also removed the σ meson (f 0 (500)) and the κ meson (K * 0 (800)) from the particle list because of the reasons explained in Refs. [27, 28] . We also omit the light nuclei. The finite width of the resonances is taken into account in the usual way, by adding the additional integration over their BreitWigner shapes in the point-particle gas expressions. The feed-down from the decays of unstable resonances to the total hadron yields is included in the standard way.
There are three conserved charges in the system: baryon charge, electric charge, and strangeness. Therefore, there are three corresponding independent chemical potentials: µ B , µ Q , and µ S . The chemical potential of the ith hadron species is thus determined as µ i = B i µ B + Q i µ Q + S i µ S . At each fixed temperature T and baryochemical potential µ B , the µ Q and µ S are determined in a unique way in order to satisfy two conditions: the electric-to-baryon charge ratio of Q/B = 0.4, and the vanishing net strangeness. Assuming no pre-freezeout radiation, both of these conditions are relevant for the system created in the collision of heavy ions.
B. Eigenvolume parametrizations
As was mentioned before, the inclusion of the eigenvolume interactions is one of the most popular extensions of the standard HRG model. In most of the analyses dealing with chemical freeze-out, which did include the eigenvolume corrections [10, 29, 30] , it was assumed that all the hadrons have the same eigenvolume. It has been established that, in this case, the eigenvolume corrections can significantly reduce the densities [31, 32] , and, thus, increase the total system volume at the freeze-out as compared to the pointparticle gas at the same temperature and same chemical potential. For this parametrization, however, the eigenvolume corrections essentially cancel out in the ratios of yields and, thus, have a negligible effect on the values of the extracted chemical freeze-out temperatures and chemical potentials. If, however, one considers hadrons with different hard-core radii, then the ratios may change, and the fit quality can be improved [16, 24, 33] .
In our paper we use a bag-model inspired parametrization of hadron eigenvolume. In this case the hadron eigenvolume is proportional to its mass through a bag-like constant, i.e.
This kind of eigenvolume parametrization had been obtained for the heavy Hagedorn resonances, and was used to describe their thermodynamical properties [17, 19] as well as their effect on particle yield ratios [34] . It was mentioned in the Ref. [35] that such parametrization would lead to an increase of the freeze-out temperature, but that it does not entail an improvement of the fit quality in the "Diagonal" EV model, nor does it change other fit parameters. Note that the eigenvolume for the resonances with the finite width is assumed to be constant for each resonance, and is determined by its pole mass.
Presently not much is well-established about the eigenvolumes of different hadron species, and it is debatable whether parametrization (10) is the most realistic one. For instance, it can be argued, that strange hadrons should have a different (smaller) eigenvolume compared to non-strange ones. In general, the eigenvolumes might also depend on temperature and chemical potential. In our study we would like to minimize the number of the additional free parameters due to the introduction of the finite eigenvolumes and we use (10) as a simple parametrization of hadron eigenvolumes. The bag-like constant ε 0 determines the magnitude of the hadron eigenvolumes, and in our analysis we vary this constant such that the corresponding hard-core radius r p of protons (nucleons) takes reasonable values. Values of r p = 0.3-0.8 fm have been rather commonly used in the literature [21, 24, [29] [30] [31] 33] . Additionally, the value r p ≃ 0.6 fm was extracted from the ground state properties of nuclear matter within the fermionic van der Waals equation for nucleons [36] . In the present work we vary the effective proton radius in the range r p = 0.0-0.6 fm. Note that, within the bag-like parametrization, the radius r i of any hadron i is related to the chosen value of r p through the relation
, where m i is the mass of the hadron i.
C. Experimental data set
The thermal equilibrium EV HRG model fits are using the hadron yield data of the NA49, STAR, and ALICE collaborations.
The data of the NA49 collaboration include 4π yields of charged pions, charged kaons, Ξ − , Ξ + , Λ, φ, and, where available, Ω,Ω, measured in the 0-7% most central Pb+Pb collisions at √ s NN = 6.3, 7.6, 8.8, 12.3, and in the 0-5% most central Pb+Pb collisions at √ s NN = 17.3 GeV [37, 38] . The feeddown from strong and electromagnetic decays is included in the model. Additionally, the data on the total number of participants, N W , is identified with total net baryon number and is included in the fit. The actual tabulated data used in our analysis is available in Ref. [39] .
The STAR data contains the midrapidity yields of charged pions, charged kaons, (anti)protons, Ξ − , Ξ + , Ω+Ω, and φ in the 0-5% most central Au+Au collisions at √ s NN = 200 GeV [40, 41] . The yields of protons also include the feed-down from weak decays of (multi)strange hyperons, this is properly taken into account in the model. All other yields include the feeddown from strong and electromagnetic decays.
We also perform the fit to the ALICE data on midrapidity yields of hadrons in the 0-5% most central Pb+Pb collisions at √ s NN = 2.76 TeV [42] .
This includes yields of charged pions, charged kaons, (anti)protons, Ξ − , Ξ + , Λ, Ω+Ω, φ, and K 0 S . Since the experimental centrality binning for Ξ and Ω hyperons in the ALICE data is different from that of the other hadrons, we take the midrapidity yields of Ξ and Ω in the 0 − 5% centrality class from Ref. [43] , where they were obtained using the interpolation procedure. All these yields include the feeddown from strong decays. Figure 1 shows the temperature dependence of the χ 2 /N dof of the fit to NA49, STAR, and ALICE data within "Diagonal" and "Crossterms" EV models for the value of the bag-like constant ε 0 fixed to reproduce the proton hard-core radius r p = 0.5 fm. At each temperature the two remaining free parameters, namely the baryon chemical potential µ B and the radius R of the system volume V = (4/3) π R 3 , are fitted in order to minimize the χ 2 at this temperature. At this point, we do not enforce any limitations on the values of T and µ B in our fitting procedure. This means, for instance, that we do not require that the eigenvolume HRG model describes the available lattice QCD data, and also that we employ no limitations on the packing fraction η -the fraction of the total volume occupied by hadrons of finite size. We will come back to these issues later.
D. Fitting results
The temperature dependence of the χ 2 /N dof within the point-particle HRG (solid black line in Fig. 1) shows a narrow minimum, and the temperature of this minimum is slightly increasing with the collision energy. These temperature values are consistent with numerous previous analyses within the point-particle formulations of the HRG. The fit quality within the point-particle HRG is not very good. This is especially the case for the NA49 energy of √ s NN = 12.3 GeV with χ 2 /N dof ≃ 13. We note that the fit quality in the point-particle HRG can be improved significantly within the chemical non-equilibrium scenario (see e.g. Refs. [35, [44] [45] [46] ), however, we do not consider this option in the present work.
The fit quality within the two considered here eigenvolume models is considerably better than in the point-particle case at all energies, the best fits yield significantly higher values of the chemical freeze-out temperature. In Fig. 2 the temperature dependence of the χ 2 for three different values of r p , namely for r p = 0.4, 0.5, 0.6 fm is shown for the SPS data at √ s NN = 8.8 GeV. The behavior of the χ 2 for differ- ent values of r p shown in Fig. 2 is representative for all other collision energies considered in the present work. For r p = 0.4 fm the temperature dependence of χ 2 shows two distinct local minima: the first one is located close to the minimum for point-particle HRG and the second one is at much higher temperatures and with considerably smaller χ 2 . This trend is continued when even lower values of r p are considered. For r p = 0.5 fm and r p = 0.6 fm a wide (double)minimum structure is observed in the temperature dependence of χ 2 and, at all energies, the fit quality is better in EV models than in the point-particle case for a very wide high-temperature range. We note that the results presented in Fig. 1 for the ALICE energy are consistent with the recent Ref. [16] . Small quantitative differences are attributed to the use of the Boltzmann approximation in the present work. The two eigenvolume models considered give the same qualitative picture, however there are significant quantitative differences, especially at higher temperatures: the "Crossterms" model consistently gives a considerably better description of the data.
In order to study the effects of the eigenvolume interactions on the fit values of the baryon chemical potential, we consider the structure of the χ 2 of the fit in the T -µ B plane. For the purpose of clarity we consider just the "Crossterms" model with r p = 0.5 fm. Figure  3 depicts the regions in the T -µ B plane where the fit quality of NA49 data in the EV model is better than in the point-particle HRG. At all five NA49 energies wide regions of improved χ 2 values are observed at high temperatures and chemical potentials. We note a clear correlation between the fitted values of the chemical freeze-temperature and the chemical potential: the higher values of the temperature correspond to higher values of the baryochemical potential. The thermal parameters at the global minima are listed in Table I . The values of the temperature at the global minima monotonically increase with the exception of the STAR energy. The corresponding values of the baryochemical potential monotonically decrease with an exception of a peak at √ s NN = 8.8 GeV.
Based on the systematic analysis of the hadron yield data within the point-particle-like formulations of the HRG it has been suggested that the chemical freezeout is universally characterized by the constant average energy per hadron of E/N ≃ 1 GeV [6] . It was shown in Ref. [30] that this criterium is robust with regards to the eigenvolume corrections in the specific case when all hadrons have the same hard-core radius. It is interesting to analyze whether such a criterion holds as well for the bag-like eigenvolume parametrization considered in our work. The values of E/N at the global minimum for the point-particle, "Diagonal" EV, and "Crossterms" EV with r p = 0.5 fm are shown in the Table I . The values of E/N are notably larger when the eigenvolume corrections are present, typically E/N ≃ 1.3 − 1.4 GeV. Similar result, i.e. larger values of E/N , is observed for r p = 0.4 fm and r p = 0.6 fm. Therefore, one can conclude that the energy per particle criterium is, in general, not robust with regards to the modeling of the eigenvolume interactions if the chemical freeze-out conditions are determined solely from the thermal fits.
On the other hand, the total entropy per baryon S/A is found to be much more robust. This can be seen by looking at the S/A values in Table I , on the lines of constant S/A in Fig. 3 , and on the excitation function of S/A at SPS energies in Fig. 4 . It is seen that S/A remains approximately constant across the vast T -µ B islands of small χ 2 , and that S/A increases only by 5-15% when going from the pointparticle HRG to the eigenvolume HRG, in spite of the massive changes in temperature and chemical potential. It is also quite remarkable that the values of S/A at the global minimum show almost no dependence on the value of r p . This is best seen in Fig. 4 where the energy dependence of the S/A values for r p = 0.4, 0.5, and 0.6 fm extracted from-fits to the SPS data are shown. These results hint towards the impossibility of fixing one "best" pair of temperature and chemical potential from a fit to the data: many T − µ B pairs yield similarly good fits. An isentropic expansion of matter with hadrons being chemically frozen out across the extended space-time regions is consistent with this finding. Namely, this implies that the chemical freeze-out is not a sharp process which takes place at one freeze-out hypersurface with similar values of the temperature and chemical potential. Rather a continuous process, occurring throughout the whole space-time evolution of the system created in the heavy-ion collisions, and characterized by a wealth of different values of temperatures, energy densities, and other dynamical parameters. Such a picture has been obtained within the transport model simulations of heavy-ion collisions by analyzing the space-time distribution of the chemical "freeze-out" points of various hadrons [47, 48] .
In the present analysis we do not determine the uncertainties of the temperature and chemical potential extracted from fits to hadron yield data within the bag-like eigenvolume HRG model. These parameters depend strongly on the chosen eigenvolumes of the hadrons, and different parametrizations can give a fit of comparable quality but with very different values of T and µ B . (10) is fixed to reproduce the effective hard-core radius of proton of 0.4, 0.5, and 0.6 fm.
E. Fit constrained to low temperatures
As seen from Figs. 1 and 3 one can fit the data significantly better than in the point-particle case by employing the mass-proportional eigenvolume and considering high values of temperature and chemical potential. However, the interpretation of these results is prone to controversy: to describe QCD matter at T > 160 MeV as an interacting HRG with EV, i.e. with hadronic degrees of freedom, seems to contradict the consensual paradigm based on the ideal (pointparticle) HRG model established in the community for decades. Moreover, the high temperature χ 2 minima shown in Fig. 1 [32, 49] ). Evidently, this suggests that the global minima locations may lie outside the range where the model can be applied safely. In this respect it would be interesting to study the behavior of eigenvolume HRG at high densities within other EV formulations which take care of these issues. Such a study is outside the scope of the present paper.
The mass-proportional eigenvolume interactions give a systematic improvement of the fit quality at all considered collision energies. However, the interpretation of these results is evidently controversial, for the reasons listed above. Thus, we also perform an additional calculation where we restrict the temperatures from above, in order to get some consistency with the lattice QCD data.
The lattice QCD calculations reveal a crossovertype transition between hadronic and partonic degrees at µ B = 0, with a pseudocritical temperature T pc ∼ 155 MeV [50] [51] [52] . The lattice data, however, does not give a direct information about the constituent composition of matter at a particular temperature. Due to the crossover nature of the transition it is impossible to uniquely define a transition temperature, which would exclude a presence of the hadronic degrees above this temperature. For example, it was illustrated in [53] that the charm hadronlike excitations remain dominant degrees of freedom at temperatures above the pseudocritical one, up to at least 1.2 T pc (see also [54] ) while the T pc ∼ 155 MeV temperature suggests only the onset of hadron melting [55] . Such a picture, a gradual transition from hadrons to quarks had been advocated before, in particular in the context of heavy-ion collisions [56] .
The thermodynamics of the HRG with massproportional eigenvolumes was considered in Ref. [15] in the context of the lattice QCD equation of state, in particular regarding the gradual transition from hadrons to quarks. In that work a crossover equation of state of the QCD matter was developed. It was obtained by smoothly matching two models, an eigenvolume HRG equation of state at low T and/or µ B and a perturbative QCD (pQCD) equation of state at high T and/or µ B . The total QCD pressure function at vanishing chemical potential in this crossover model reads
where P h (T ) is the hadronic pressure modeled by the eigenvolume HRG, P qg (T ) is the pressure of the quark-gluon phase based on the pQCD calculations, and
is the so-called switching function. In one of the scenarios considered in Ref. [15] the hadronic part was modeled by the "Diagonal" eigenvolume HRG model with the mass-proportional eigenvolume (10) . The bag-like constant ε 0 was determined from the fit to the lattice data. The best fit was obtained for ε 0 = 797 MeV/fm 3 , which in our notation corresponds to the hard-core proton (nucleon) radius of r p ≃ 0.41 fm, and a "switching" temperature of T 0 ∼ 175 MeV. Using the point-particle HRG gives a worse but still a satisfactory fit to the lattice data at µ B = 0, thus, it seems that values of hard-core proton radius in the range r p = 0.00 − 0.41 fm are all generally compatible with the lattice data within the mass-proportional EV model.
Our hadron list is very similar to the one used in Ref. [15] . On the other hand, we believe that the "Crossterms" model reflects better the features of the multi-component eigenvolume systems. In particular, as previously mentioned, it is consistent with virial expansion of classical hard spheres equation of state, in contrast to "Diagonal" model. As seen from Fig. 1 it also gives a systematically better description of the hadron yield data. We use the "Crossterms" EV model and repeat the calculation of Ref. [15] for the crossover equation of state. For the pQCD part we use exactly the same model with exactly the same parameters. They are listed in the second-last row of Table 1 in Ref. [15] . We reproduce the result of [15] , i.e. a perfect description of the lattice QCD pressure, by using the value r p ≃ 0.43 fm (ε 0 = 704 MeV/fm 3 ) for the proton hard-core radius within the "Crossterms" EV model. The slightly different value of ε 0 compared to [15] is attributed to differences between the "Diagonal" and "Crossterms" models. The resulting temperature dependence of the scaled pressure P/T is shown in Fig. 5 . A very good agreement is seen in the whole temperature range, in line with results of Ref. [15] . The dashed line in Fig. 5 shows the purely hadronic pressure P h of the eigenvolume HRG. The bag-like eigenvolume models with r p = 0.4 − 0.6 fm show a qualitatively similar temperature dependence, with larger r p values bringing the dashed curve further down.
Let us now employ the "Crossterms" model with r i ∼ m 1/3 i and r p = 0.43 fm to fit the NA49, STAR, and ALICE data, and impose an additional restriction T < T 0 ≃ 175 MeV. This ensures that only the temperatures where the hadronic part of the QCD equation of state plays a notable role are considered. Certainly, due to the crossover nature of the hadronparton transition, this value should not and cannot be regarded as a sharp transition temperature.
Even with the low temperature restriction, the EV model fits leads to a better description of the data at all the considered energies, as seen in Table II . The improvement is modest but systematic. The inclusion of the finite EV also leads to some changes in the extracted parameters: the chemical freeze-out temperature increases by about 10-15 MeV and the baryochemical potential increases by about 10-15%. These changes are significant as they are larger than the typical thermal fit uncertainties reported in the literature. The resulting temperature profiles of the χ 2 are all qualitatively similar to the r p = 0.4 fm curve in Fig. 2 . The fit errors of T and µ B , obtained Figure 6 : (Color online) The extracted freeze-out parameters within the point-particle HRG, and the case when eigenvolumes of hadrons are proportional to their mass with ε0 = 704 MeV/fm 3 , modeled by the "Crossterms" eigenvolume HRG. The parameterized freeze-out curves from Refs. [11] , [30] , obtained within the point-particlelike (including constant eigenvolume for all hadrons) HRG models, are depicted by lines.
from analyses of the second-derivative error matrices at the minima, increase notably for the cases with finite EV. The obtained results also indicate that the chemical freeze-out curve in T -µ B plane has a smaller curvature in the EV models compared to the one obtained within the point-particle HRG (see Fig. 6 ). A similar result was obtained in [57, 58] but by employing a different mechanism, namely, by considering the distortion of yields due to the post-hadronization cascade phase. Due to the possibly irregular structure of the χ 2 profiles one should treat the uncertainties for the extracted freeze-out parameters shown in Table II and Fig. 6 with care, since they are calculated from the second-derivative error matrix and are based on an assumed parabolic behavior of χ 2 near the minima.
It is seen that the extraction of the chemical freezeout parameters is rather sensitive to the modeling of repulsive interactions between hadrons even if only moderate temperatures T < 175 MeV are considered. As mentioned before, the lattice data for the pressure does not conclusively exclude any r p in the range of 0.00 − 0.43 fm for the bag-like parametrization of the hadron eigenvolumes. It is also likely that the upper limit of acceptable r p is even higher. For these reasons the uncertainties in the extraction of the chemical freeze-out parameters remain sizable even when the lattice constraint is used.
IV. SUMMARY
In summary, the data of the NA49, STAR, and ALICE collaborations on the hadron yields in central Pb+Pb (Au+Au) collisions at √ s NN = 6.3, 7. 6, 8.8, 12.3, 17.3, 200 , and 2760 GeV are analyzed within two different multi-component eigenvolume HRG models employing mass-proportional eigenvolumes for different hadrons. For a proton hardcore radius of 0.4-0.6 fm, these models describe the data significantly better than the conventional pointparticle HRG model in very wide regions in the T -µ B plane.
These results show that the extraction of the chemical freeze-out parameters is extremely sensitive to the modeling of the short-range repulsion between the hadrons, and they imply that the ideal point-particle HRG values are not unique. As far as the thermal fits within the EV-HRG model are concerned, the constant energy per hadron of 1 GeV criterion proposed in the literature is changing (∼30%) depending on the modeling of the eigenvolume interactions. On the other hand, the entropy per baryon extracted from the data for the different energies is found to be much more robust: it is nearly independent of the details of modeling of the eigenvolume interactions and of the specific T − µ B values obtained. This, as well as the large uncertainties in the extracted T and µ B values suggested by the eigenvolume HRG models, is consistent with the scenario of a continuous freeze-out, whereby the hadrons are being frozen-out throughout the extended regions of the space-time evolution of the system rather than from the sharp freeze-out hypersurface.
The interpretation of the high values of temperature and baryochemical potential obtained within EV fits is prone to controversy. These values do give a significant and systematic improvement in the fit quality. However, the fits are also plagued by an irregular behavior of the speed of sound, difficulty in reconciliation with lattice QCD results, and high values of packing fraction. Thus, the extracted high values of T and µ B should not be interpreted as estimates of chemical freeze-out conditions, but rather as an illustration of the hitherto unexplored sensitivity of thermal fits to the modeling of EV interactions. Even the fits with a low temperature (T < 175 MeV) restriction inspired by analysis of the lattice QCD equation of state suggest a strong influence of EV effects on thermal fits. The fits with this temperature restriction result into 10-15 MeV higher values of the chemical freeze-out temperature and a systematically improved χ 2 compared to the point-particle case.
Hence, the modeling of the eigenvolume interactions plays a crucial role for the thermal fits to the hadron yield data, a fact that had been largely overlooked in the past. Many possibilities for the parameterization of the hadron eigenvolumes exist. It is evident that proper restrictions on the eigenvolumes of different hadrons are urgently needed. Any conclusions based on thermal fits must be based not just on the location of the χ 2 minimum and its magnitude, but rather on the full profile of the χ 2 . The χ 2 may have non-parabolic structure around the local minima, and thus, the standard statistical-based estimates of the uncertainties of the extracted parameters may become inapplicable.
The analysis is performed within two different multi-component eigenvolume HRG models: the "Diagonal" EV model and the "Crossterms" EV model. Both models yield qualitatively similar results but they differ quantitatively. The commonly used "Diagonal" EV model is shown to be not consistent with the 2nd order virial expansion for the equation of state of the multi-component system of hard spheres, while technically more complicated "Crossterms" EV model is. The "Crossterms" model also opens new possibilities to model the repulsive interactions: it allows to independently specify the virial coefficient b ij between any pair of hadron species. For example, one can treat differently the baryon-baryon, baryonantibaryon, meson-baryon, and meson-meson repulsive interactions. These effects were recently explored for LHC energies in Ref. [59] . Thus, the "Crossterms" model is suggested to be used over the "Diagonal" one in the future analyses employing the EV corrections.
The collision energy range investigated in this work is relevant for the ongoing SPS and RHIC beam energy scan programs, as well as for the experiments at the future FAIR and NICA facilities. The strong effects of EV interactions should be taken into account in the future analyses and interpretations of the hadron yield data.
